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Abstract 
Growth of (111)-oriented Pb(Zr,Ti)O3 has been achieved on a RuO2 film. Necessary condition for the 
oriented growth was the (100)-orientation of the RuO2 layer, which could be obtained by using a (111)-
textured Pt film as a template. The latter has been grown on thermal oxide of a silicon wafer. XRD and TEM 
studies have been carried out for finding the orientation relationship between Pt(111), RuO2(100) and 
PZT (111). 
1 Introduction 
During the recent years, the use of ferroelectric thin films of the PbZrxTi1-xO3 (PZT) family for 
memory [1], piezoelectric [2] and pyroelectric [3, 4] devices has drawn considerable interest. 
Reproducible, high quality films require control of the diffusion and nucleation phenomena at the 
PZT / bottom electrode interface. Platinum is usually used as a bottom electrode, because it has 
reasonably good thermal stability and is chemically inert in the oxidizing conditions prevailing 
during PZT processing. Moreover, PZT orientation can be controlled on Pt [5, 6]. However, oxide 
electrodes such as RuO2, IrO2 (rutile structure) and LSCO (perovskite) are superior with respect to 
fatigue  in memory applications [7], and with respect to barrier properties [8, 9] for direct contact 
geometries. While perovskite electrodes, such as LaSrCoO3 and SrRuO3, are ideal for epitaxial 
growth of PZT [10], their growth require high temperatures and their chemical stability can be a 
problem. RuO2 or IrO2 are much easier to grow and to integrate. For many applications, an oriented 
growth of PZT is desirable. However, this is not obvious on rutile structures, and has not been 
demonstrated yet. Normally the bottom electrode is not grown directly on silicon, but on a buffer 
layer of thermal oxide, which is an amorphous film. RuO2 films grown on an adhesion layer (TiO2) 
on this amorphous surface do not exhibit preferred orientations [11]. The population of the different 
orientations can be influenced by growth conditions. However, no well textured films were obtained. 
Only randomly oriented PZT films have been obtained on such RuO2/TiO2/SiO2/Si substrates. The 
problem is thus twofold. First, growth of the appropriate orientation of RuO2 on a suitable template 
is required. Second, the PZT has to grow oriented on this RuO2 film. 
It is known from the literature that PbTiO3(111) could be obtained on a rutile(100) template [12]. 
The rutile material was, however, not RuO2 but SnO2, and the substrate was not amorphous, but 
instead was crystalline sapphire. The (100)-oriented SnO2 was grown onto a sapphire(0001) crystal 
surface, which exhibits a hexagonal symmetry. In order to follow the same scheme of orientational 
relations, a hexagonal template for RuO2 needs to be found first. Good candidates are Pt(111) with a 
face centered cubic lattice, and Ru(0001) with a hexagonal lattice. Polycrystalline Pt can be grown 
with (111) texture, even on amorphous substrates [13]. The Pt(111) or Ru(0001) planes have the 
same topology as the sapphire(0001) planes, and thus the correct epitaxial relationships for RuO2 
(100) are possible. However, the fcc (111) planes can also match with the (110) planes of rutile, as 
was found by Møller and Wu [14] in the case of Cu films on TiO2, or also PZT(111) on TiO2(110) 
seeding layers [6]. These two possible epitaxial relationships are schematized in Fig. 1, and the in-
plane distances and mismatches are given in Table 1. 
 It is the aim of this paper to show that (111)-oriented PZT can be grown on (100) oriented RuO2, 
which could be obtained using a Pt(111) thin film template. First the growth of RuO2 and SnO2 on 
Pt(111) and Ru(0001) thin films are investigated. In a second part the growth of PZT on these 
electrodes is studied. 
 
 
Figure 1. Two probable epitaxial relationships of rutile on a hexagonal surface. The lattice parameters for RuO2 
and Pt have been considered for the drawing. It applies equally well also for the Ru(0001) substrate planes. 
 
 
Table 1. Calculated in-plane distances and lattice mismatches with Pt(111) for Pt(111), Ru(0001), RuO2(100) and 
(110), SnO2(100) and (110), PbTiO3(111) and PZT(111) at about 550°C (fcc face-centered cubic; hcp hexagonal 
close packed). 
 
2. Experimental  
The film sequences were deposited onto thermally oxidized Si(100) wafers at 400-530 (Pt, Ru), 
480 (RuO2, SnO2), and 570°C (PZT) by sputtering in a Nordiko 2000 chamber from metal targets 
(applying reactive mode for the oxides). Process details for the RuO2 deposition are given in Table 
2. It was observed that the film resistivity lowered on increasing the deposition temperature from 50 
to 480°C (see Fig. 2). Post-annealing experiments showed that the resistivity of films deposited at a 
lower temperatures could be decreased, however, the low value of the 480°C film was not reached. 
In addition, high temperature deposited films are more stable at typical PZT deposition 
temperatures. For this reason the rather high deposition temperature of 480°C was chosen for this 
investigation. 
For all electrodes, TiO2 adhesion layers were used [15] on the SiO2. Well (111)-textured Pt films 
have been obtained when nucleating the Pt film on the TiO2 below 400°C. Above this temperature 
more random orientations were obtained. The Pt(111) thin films served also as templates to obtain 
well textured Ru(0001) films. PbZrxTi1-xO3 films were deposited on the RuO2 by a dynamic in-situ 
sputtering from three elemental targets [16]. The Ti and Zr magnetrons were operated with dc 
power, the Pb magnetron with rf power. The films were grown at 570°C with a dynamic rate of 
3 nm/min, corresponding to about one unit cell per turn of the substrate carrier. More details of this 
process are described elsewhere [11,17,18]. Deposition experiments of RuO2 and SnO2 on various 
substrates have been carried out, as listed in Table 3. PZT growth was tested on most of these 
electrodes. The PZT composition was varied for x between 0 and 0.7. 
In all cases, PZT deposition was preceded by deposition of a 10 nm thick TiO2 sacrificial barrier 
layer to prevent degradation of the RuO2 surface [11], followed by a nominally 3 nm thick PbTiO3 
film allowing better perovskite nucleation [17, 19]. Control of PZT orientation by in-situ sputtering 
require nucleation with Ti-rich compositions. This is ascribed in most part to their easy nucleation 
into perovskite. Compared to Pt, RuO2 necessitates a TiO2 sacrificial barrier layer in order to 
prevent destruction of the RuO2 surface [11]. We believe this to be specific to in-situ reactive 
magnetron sputtering, specifically of lead, onto RuO2, due to overoxidation in the plasma. To this 
date, we have not found any reports of this problem in work involving other deposition methods. 
 
 
Table 2. Process parameters of RuO2 deposition. 
 
 
Figure 2. Specific resistivity of RuO2 films deposited at RT, 340°C and 480°C in pure oxygen and O2/Ar mixed 
sputter gas. The films deposited at 340°C and 480°C have been annealed at various temperatures between 500°C 
and 850°C. 
 
 
Table 3. Sample names of the different variants of layer systems. 
 
 
3. Results  
3.1 X-ray results of RuO2 
Fig. 3 shows XRD spectra of samples RuO2/Pt(111), RuO2/Ru(0001) and RuO2/TiO2. On TiO2, all 
RuO2 peaks are present, and only a slight (100) texture is obtained. On the other hand, films on 
oriented Pt and Ru show a strong (100)-orientation. On Pt (111), no RuO2 peak is found except for 
the Pt(111) peak, which coincides with the one of RuO2(200). As the RuO2 had normal aspect and 
thickness, we can infer it is (100) oriented. 
On Ru(0001)/Pt(111) the eventual RuO2(100) peak is again hidden in the Pt(111) peak. Besides the 
Ru(0001) reflection, two reflections from RuO2, (110) and (220) can be seen. Therefore, the film 
can be (110) or mixed (110) + (100) oriented. When Ru was grown directly onto Ti/SiO2 (Ti 
adhesion layer), the Ru was also (0001) oriented, albeit with a very slight (1101) contribution. On 
this film, RuO2 (110) and (200) contributions, together with their higher orders, are clearly visible. 
No other oriention are observed. It is thus logic to assume that also the film grown on 
Ru(0001)/Pt(111) exhibits mixed (110) and (100) orientation.  
The direct growth on the TiO2 adhesion layer lead to a weakly textured film. Although (200) is by 
far the largest peak, the low reflection intensity indicates that there is a bad alignment between 
substrate and the low-index planes of a large fraction of grains. 
Since RuO2(200) and Pt(111) XRD peaks cannot be resolved, complementary tests were necessary 
to confirm the results. This problem was solved by taking a rocking curve scan of the RuO2(310) 
peak, whose plane has a small angle (18.4°) to the (100) RuO2 plane (and Pt(111) plane). If, as we 
tentatively concluded, the (100) planes of RuO2 lie parallel to the substrate, the (310) planes will 
make a 18.4° angle with the latter, and the (310) rocking curve must have 2 peaks near α = ±18.4°. 
The rocking curves, with different corrections, are shown in Fig. 4. The broad α = 0 peak is due to 
the proximity of the extremely intense Si(400) peak. 
If we suppose random orientation in the plane, the curve must be weighed with a  |sin α| factor. The 
result is given in the second part of Fig. 4. Two peaks are indeed observed at α ~ ±18° (dashed 
lines), in excellent agreement with the 18.4° value, proving the RuO2 is indeed (100) oriented. 
Moreover, the width of the peaks (±3°, dotted lines in left peak) is similar to that of the Pt itself, 
indicating that only a small degradation of the orientation takes place. These rocking curve results 
prove that practically all (310) planes of the film belong to (100)-oriented grains. Since no other 
phases or amorphous parts have been detected by θ-2θ scans, a strong (100)-texture of the RuO2 
film can be assumed.  
If the (100) orientation is the result of epitaxy on (111)-oriented Pt grains, growth on randomly 
oriented platinum should not exhibit a preferred orientation. This test was performed in another 
series of coatings. Figure 5 shows XRD spectra of samples RuO2/Pt(111), RuO2/Pt(r) and 
RuO2/TiO2, using thicker (300 nm) RuO2 films. While the (100) orientation is maintained on 
Pt(111), all RuO2 peaks are visible on the more random Pt. Good (111) orientation of the Pt is 
therefore a prerequisite for (100)-RuO2, showing that the relationship is indeed epitaxial in origin. 
Finally it was also checked whether the same epitaxial orientation relationship between RuO2 and 
Pt(111) does also hold for SnO2. The XRD spectra of a coating series are shown in figure 6. The 
results are similar, as it can clearly be seen that the SnO2 film (SnO2/Pt(111)) orients well on 
Pt(111), much better than on TiO2 (SnO2/TiO2), amplified by factor 20 in Fig. 6. However, the 
orientation is bimodal, i.e. both (110) and (200) peaks are visible. The (100) orientation is dominant, 
though. It is not excluded that with an adjustment of the deposition process, an improvement of 
texture could be obtained. 
 
 
Figure 3. XRD (θ-2θ) spectra of 100 nm RuO2 films on Pt(111), Ru(0001) and TiO2. 
 
 
Figure 4. XRD rocking curve of the RuO2(310) peak of a film grown on Pt(111) (sample RuO2/Pt(111)). 
 
 
 
Figure 5. XRD (θ-2θ) spectra of RuO2 on Pt(111), Pt 'random' and TiO2. 
 
 
Figure 6. XRD (θ-2θ) spectra of 100 nm SnO2 films on Pt(111) and TiO2. 
 
 
3.2. X-ray results of PZT on RuO2 
Fig. 7 shows the XRD spectra of a 300 nm thick PZT film (x = 0.45) deposited on (100) and 
"randomly" oriented RuO2 (RuO2/Pt(111) and RuO2/TiO2 resp.). While the orientation of the PZT is 
essentially random on the "random" RuO2, a strong (111) orientation develops on the (100) - 
oriented RuO2, again demonstrating the existence of an orientation relationship and extending the 
results of Chang et al. [12] on PbTiO3 / SnO2 to a similar system, namely PZT / RuO2. This result 
has been confirmed for a wide range of x values, as is shown in Fig. 8. Strong (111) orientation is 
found for all compositions on (100) RuO2, especially towards high values of x. Conversely, all PZT 
films were essentially randomly oriented on "random" RuO2. 
 
  
 
Figure 7. XRD (θ-2θ) spectra of PZT (x = 0.45) films, deposited on (100)-oriented and 'random' RuO2. 
 
 
 
Figure 8. XRD (θ-2θ ) spectra of PbZrxTi1-xO3 films on (100)-oriented RuO2/ Pt(111), with x ranging 
from 0.1 to 0.7. 
 
 
3.3 Transmission Electron Microscopy observations 
Cross section TEM images were obtained for the PZT thin film deposited onto 100 nm 
RuO2/Pt(111). Fig. 9 shows a dark field image of the different layers. No sign of second phase at 
the interface between the Pt and the RuO2 is present. In particular the 10 nm TiO2 layer between the 
RuO2 and the PZT seems to have dissolved in the PZT or in the RuO2. This result was confirmed by 
high resolution images (HRTEM) [20]. The sacrificial layer of TiO2 most likely dissolves in the 
PZT as it is the case for PZT deposited onto Pt when a thin TiO2 seed layer is used [6]. Some 
defects at the interface TiO2-Pt are observed and they probably result from limited diffusion 
between the TiO2 and the Pt layers but no sign of Pb was found in the TiO2 or in the SiO2 using 
energy dispersive spectrometry which show that the composite electrode (RuO2/Pt) is a very good 
diffusion barrier. 
Fig. 10 shows a HRTEM image of the Pt-RuO2 interface. For this image, the orientation was 
determined. In the Pt, lines parallel to the interfaces are visible. Those are separated by about 
0.22 nm. This is in agreement with the distance between the (111) plane of Pt (0.2265 nm). This 
demonstrates that this platinum grain has the (111) orientation. The RuO2 shows a square 
arrangement which corresponds to distance of 0.31 nm which is close to (110) distance of the RuO2 
(0.3183 nm). Therefore the beam was parallel to [001] RuO2 and as indicated in Fig.9, the [200] 
RuO2 direction is normal to the interfaces. Therefore the orientation of the RuO2 is (100) which 
confirms the X-ray results. 
In order to understand the difference in orientation when the RuO2 is deposited directly onto TiO2 
(without a Pt template), the interface between TiO2 and RuO2 was also studied (Fig. 11). First no 
intermediate layer is observed and the interface appears relatively sharp. Therefore interdiffusion  is 
probably limited. Secondly, there is no change between the orientation in the TiO2 and in the RuO2. 
Therefore, the RuO2 has grown cube on cube onto TiO2. This is logical since the RuO2 and the TiO2 
both have the rutile structure and the lattice mismatch is relatively small (about 2% for the axis and 
about 5% for the c axis). 
 
 
Figure 9. TEM dark field image of the layer sequence PZT/RuO2/Pt/TiO2/ thermal oxide. 
 
 
Figure 10. HRTEM image showing the orientational relation between RuO2(100) planes and Pt(111) planes. The 
inset was taken in the same platinum grain but at a location where the Pt lattice fringes were visible. 
 
 
  
Figure 11. TEM images of the RuO2-TiO2 interface: (a) dark feld image, (b) HRTEM image, showing the 'cube 
on cube' orientation relationship between RuO2 and TiO2. The interface is marked by an arrow. 
 
 
4. Discussions 
The orientation of RuO2 and SnO2 films is very much influenced by the substrate on which 
nucleation takes place. Our results show that both orientations of rutile - (100) and (110) - can grow 
on the hexagonal planes of close-packed (111) planes of the Pt face-centered cubic (fcc) lattice and 
(0001) planes of the Ru hexagonal (hcp) lattice. In other systems similar results have been obtained. 
Chang et al. [12] grew (100) epitaxial SnO2 on Al2O3 (0001) crystals, which have the same 
topology as Pt(111) and Ru(0001). Møller and Wu [14] showed that a thin Cu film grows (111) on 
(110) rutile TiO2, and has an epitaxial relationship in one of the in-plane directions. In another work, 
it was shown that nanometer thick films of TiO2 grow in (110) orientation on Pt(111) [6]. In the 
case of deposition of the RuO2 directly onto TiO2, we have found the  orientation was random with 
perhaps a small preferred (100)-orientation. 
The orientation of the nuclei depends on both surface and interface energy. This investigation 
indicates that the interface is more important than the surface, since the orientation depends on the 
substrate. It might be that the surface energy helps to promote the observed orientations (110) and 
(100), since they happen to be the ones with the lowest surface energies of rutile TiO2 [21]. RuO2 
(100) exhibits clearly the lowest interface energy with the close-packed planes, despite the 
relatively large misfit of around 10 % (see table 1). With the certainly small thickness of the nuclei 
the lattice can easily deform. During growth, defects such as dislocations relax the stress while 
keeping the same orientation. In case of SnO2, it must be assumed that both orientations exhibit to a 
similar overall energy. 
In the case of growth onto TiO2, there is mainly a cube on cube orientation relationhip between 
neighboring grains of the two rutiles, and therefore the orientation of the TiO2 layer determines also 
the orientation of the RuO2. Since the first one grows randomly oriented on the amorphous thermal 
oxide, the resulting orientation of RuO2 is also random. 
TEM observation of the PZT/RuO2 interface show no traces of the interfacial TiO2 layer after PZT 
growth. This can happen either by dissolution into RuO2 or conversion to PbTiO3. The second 
possibility appears to be more likely, as the TiO2 adhesion layer below RuO2 shows little 
interdiffusion with RuO2, if any. There remains the question whether perovskite nucleation takes 
place on the thin layer of TiO2 or on the RuO2 after diffusion of lead through this thin titania (TiO2) 
layer. Since titania is a very good seed for PbTiO3 nucleation [6], both may happen. The thin titania 
layer may grow with the identical orientation as RuO2, as is the case of the reversed order. This 
work clearly shows orientation relationships along the whole PZT(111) / RuO2(100) / Pt(111) 
trilayer structure. PZT(111) can also be grown directly on Pt(111) by means of TiO2 seeding [6]. 
Therefore, the method presented in this paper will contribute to compare PZT films on RuO2 and Pt 
having the same (111) orientation. 
Conclusions 
We have shown (111) oriented PZT films can be grown much the same way as on Pt(111), by 
inserting a RuO2(100) film, allowing comparison on the two electrodes of films having the same 
crystalline orientation. The textured growth of RuO2 was achieved on a platinum (111) film, in 
analogy to SnO2/sapphire where the hexagonal planes of the sapphire crystal serve as template [12]. 
In our case, no crystal plane was needed. The substrate was an amorphous thermal oxide layer. It is 
thus possible to grow PZT(111) films on RuO2, using passivated silicon wafers (as schematically 
presented in fig. 12). Extension of the work to RuO2 on Ru(0001) and SnO2 on Pt(111) show that 
both the (110) and the (100) oriented rutile grows on the dense planes of the fcc and hcp lattices. 
For reasons of surface energy, lattice parameters or deposition conditions, RuO2(100) has been 
obtained almost exclusively on Pt(111).  
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Figure 12. Schematic presentation of the layer sequences usually used for random PZT on RuO2 electrodes, and 
the oriented solution achieved in this work. The hexagonal plane - rutile sequence as obtained with sapphire 
substrates (see ref. [12]) could be realized by textured Pt(111) films. 
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